Nonalcoholic steatohepatitis (NASH) has become an increasingly important indication for liver transplantation (LT), and there has been a particular concern of excessive cardiovascular-related mortality in this group. Using the United Network for Organ Sharing-Standard Transplant Analysis and Research (UNOS STAR) dataset, we reviewed data on 56,995 adult transplants (January 2002 through June 2013). A total of 3,170 NASH liver-only recipients were identified and were matched with 3,012 non-NASH HCV+ and 3,159 non-NASH HCVÀ controls [matched 1:1 based on gender, age at LT (AE3 years), and MELD score (AE3)]. Cox regression analysis revealed significantly lower hazard of all-cause (HR 0.669; P < 0.0001) and cardiovascular-related mortality (HR 0.648; P < 0.0001) in the NASH compared to the non-NASH group after adjusting for diabetes, BMI, and race. Relative to the non-NASH HCV-positive group, NASH group has lower hazard of all-cause (HR 0.539; P < 0.0001) and cardiovascular-related mortality (HR 0.491; P < 0001). A lower hazard of all-cause mortality (HR 0.844; P = 0.0094) was also observed in NASH patients compared to non-NASH HCV-negative group, but cardiovascular mortality was similar (HR 0.892; P = 0.3276). LT recipients with NASH have either lower or similar risk of all-cause and cardiovascular-related mortality compared to its non-NASH counterparts after adjusting for diabetes, BMI, and race.
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Background
Nonalcoholic steatohepatitis (NASH) is a common cause of liver disease in the United States [1] . Although NASH as an indication for liver transplantation (LT) was rare prior to 2002, it has been steadily increasing in LT frequency over the past 15 years [2] and is likely to surpass hepatitis C virus (HCV) as the leading indication for transplantation in the next decade [3, 4] . Several studies suggest that the overall survival for patients transplanted for NASH is equivalent [4] [5] [6] [7] , or even superior [2] , to those transplanted for other reasons. However, cardiovascular events are the leading cause of nongraft-related mortality in patients after LT [8] . NASH is frequently associated with components of metabolic syndrome, such as obesity, diabetes, and hypertension. Several studies confirm that NASH and components of metabolic syndrome may serve as independent predictors of cardiovascular disease [9] [10] [11] [12] , but research with respect to whether the presence of NASH is a risk factor for cardiovascular events after LT is limited and has not been studied systematically. A few studies have shown conflicting results. For example, a recent study noted NASH to be an independent predictor of cardiovascular complications after LT, although it did not affect overall mortality [13] . Cardiovascular events occurred with similar frequency in transplant recipients for nonalcoholic steatohepatitis or alcoholic cirrhosis in another recently published study [14] . Another meta-analysis, however, concluded that recipients with NASH are more likely to die from cardiovascular complications or sepsis after LT [15] .
Endothelial dysfunction has been reported as another contributing factor for increased risk of cardiovascular events in NASH [16] . Given the concurrent obesity epidemic and its negative implications on the general population's cardiovascular health, the ability to identify the relative contribution of NASH as an indicator of cardiovascular mortality could have important implications for the national healthcare burden as alternative treatments are considered for this group of patients. Using a large national level clinical dataset, the UNOS STAR with adequate follow-up, the aim of this study is to determine whether LT recipients with NASH are at increased risk of cardiovascular-related mortality compared to non-NASH counterparts after adjusting for diabetes, BMI, and race.
Methods

Research procedure
Data were abstracted from the UNOS STAR dataset and were limited to primary liver transplant patients over 18 years old who were transplanted between January 1, 2002, and June 30, 2013. The study was approved by the University of Tennessee Institutional Review Board. To ensure a homogenous study population, patients with a diagnosis of hepatocellular carcinoma (HCC), living donors, split liver donors, nonheart beating donors, and multi-organ transplants were excluded. We particularly excluded HCC patients to nullify the effect of mortality related to recurrent HCC. Additional exclusions were made based on missing data and implausible values which are considered more extreme than can be accounted by abnormal values. In addition, patients with missing data for cold ischemic time (CIT), donor body mass index (BMI), recipient BMI, serum albumin level, total bilirubin, serum creatinine, diabetes status, and cause of death were excluded. Patients with donors less than 18 years old or greater than 75 years old, CIT <1 or >24 h, BMI <15 or >55 km/m 2 , serum albumin <0.5 or >6 g/dl, total bilirubin <0.1 or >50 mg/dl, or a creatinine level of <0.1 or >15 mg/dl were also excluded. Patient diagnoses were identified using the primary diagnosis numeric code for NASH in the dataset. Cryptogenic cirrhosis with BMI ≥30 was included in the NASH group. In an effort to ensure inclusion of all eligible patients, freetext descriptions in the "Other" primary diagnosis code were also carefully reviewed for NASH and cryptogenic cirrhosis diagnoses. Cardiac deaths were identified by the cause of death variable and included cardiac arrest, myocardial infarction, arrhythmia, congestive failure, arterial embolism, and other cardiac causes of death.
Study population
There were 56 995 adult patients who had first liver transplant from January 2002 through June 2013. After exclusions, there were 30,971 patients eligible for matching, 3,170 with NASH or cryptogenic cirrhosis with BMI ≥30 and 27,801 of non-NASH etiologies (Fig. 1 ).
Statistical analysis
To ensure a representative control group, transplant recipients in the NASH group were matched 1:1 to non-NASH patients HCV+ (11, 777) , non-NASH patients HCVÀ (16, 024) on the basis of gender, age at transplant (AE3 years), and MELD score (AE3). Matching was carried out using a local SAS macro "gmatch" written by Erik Bergstralh and Jon Kosanke (mayoclinic.-com, 10/2003). Controls were selected randomly without replacement. Cox proportional hazard model was used to estimate hazard ratios and 95% confidence intervals (CI). Statistical models included diabetes, BMI, and race as covariates. Laboratory variables were not included because differences at transplantation were not clinically meaningful. Patient survival stratified by NASH status was evaluated using the Kaplan-Meier (KM) method. The effects of NASH status on patients survival was conducted using Cox regression model stratified by matched sets. An alpha of <0.05 was considered significant for all methods used in this study. Data were statistically analyzed using SAS 9.4 (SAS Institute Inc, Cary, NC, USA).
Results
Clinical and demographic profile
Clinical and demographic profiles of recipients of NASH and non-NASH recipients (HCV+ and HCVÀ heart beating donors (n = 2,296), simultaneous heart (n = 116), intestine (n = 251), kidney (n = 3,447), lung (n = 46), pancreas (n = 258).
Exclusion due to missing values ǂ
Diabetes (n = 863), etiology of death (n = 2,656), CIT (n = 2,333), recipient BMI (n = 41), albumin (n = 25), creatinine (n = 47), bilirubin (n = 10).
Exclusion due to abnormal values ǂ
Age of donor (n = 782), CIT (n = 157), donor BMI (n = 157), recipient BMI (N = 9), albumin (n = 29), bilirubin (n = 303), creatinine (n = 7)
Final cohort Table 1 . Matching resulted in 3,170 NASH and 6,171 non-NASH controls (3,012 non-NASH with HCV+ and 3,159 with HCVÀ controls). Some disparities in the racial distribution were noted with higher proportions of Blacks in the non-NASH group compared to the NASH group. As expected, compared to the non-NASH group, the NASH patients have a higher proportion with diabetes mellitus (DM) (49.72% vs. 20.92% and 21.59%, P < 0.0001), and with BMI ≥30 (72.05% vs. 35.09% and 28.30%, P ≤ 0.0001). Statistically significant differences were noted among the three groups on the serum levels of albumin (2.95 AE 0.65, 2.85 AE 0.69, 2.92 AE 0.68, P < 0.0001), creatinine (1.62 AE 1.12, 1.53 AE 1.05, 1.46 AE 1.01, P < 0.0001), and total bilirubin (7.76 AE 9.16, 7.91 AE 9.46, 9.60 AE 10.25, P < 0.0001).
Survival analysis
Nonalcoholic steatohepatitis patients had a lower adjusted hazard ratio of all-cause death when compared to their non-NASH counterparts (controls) [HR 0.669, 95% CI (0.597, 0.749); P < 0.0001], after controlling for diabetes, BMI, and race (Table 2) . Survival analysis using Kaplan-Meir curves also further revealed significantly better overall survival for the NASH group compared to the non-NASH group (P < 0.0001, Table 2) . We also noted non-NASH HCVÀ patients have a lower hazard of allcause death compared to non-NASH HCV+ LT recipients [HR 0.638, 95% CI (0.575, 0.709); P < 0.0001] ( Table 2) . Additionally, Kaplan-Meier curves demonstrated NASH recipients survived longer than non-NASH HCV+ and non-HCVÀ patients (P < 0.001, Fig. 3 ). In addition, we performed a separate survival analysis comparing non-NASH HCV+ and non-NASH HCVÀ patients ( Figure S1 ). It also revealed lower allcause death in the non-NASH HCVÀ counterparts as compared to non-NASH HCV+ patients (P < 0.0001).
In general, there was a significant difference in NASH vs non-NASH group for cardiovascular-related death [HR 0.648; 95% CI (0.531, 0.791); P < 0.0001; Table 2 ]. When only cardiovascular death was considered, no difference was detected between NASH versus non-NASH HCVÀ with regard to the overall hazard of death [HR 0.892; 95% CI (0.711, 1.121; P = 0.3276, Table 2 ]. However, NASH have a significantly lower hazard ratio for cardiovascular death compared to non-NASH HCV+ group [HR 0.491, 95% CI (0.396, 0.609), P < 0.0001, Table 2 ]. Additionally, a significant difference in the risk of cardiovascular mortality was noted in the non-NASH HCVÀ with better outcomes compared to non-NASH HCV+ groups [HR 0.550, 95% CI (0.458, 0.660); P < 0.0001, Table 2 ]. This was further confirmed by Kaplan-Meier survival analysis (P < 0.0001, Figure S2 ). The NASH and non-NASH HCVÀ groups were similar with respect to survival time when only cardiovascular deaths were considered, and both of them have longer survival than non-NASH HCV+ (P < 0.0001, Fig. 4 ). Figure 5 depicts that the difference between the NASH and non-NASH groups with respect to mortality attributable to causes of death other than cardiovascular etiology (P < 0.0001). A positive association between diabetes and all-cause mortality [HR 1.175, 95% CI (1.04, 1.327) P = .0093] was detected after controlling for NASH, HCV status, BMI, and race. In addition, we did not find any impact of BMI in this matched population when BMI <30 and ≥30 were compared [HR 1.033, 95% CI (0.918, 1.163), P = 0.5916] for both overall mortality and cardiovascular-related death [HR 1.144, 95% CI (0.933, 1.402), P = 0.1952]. Race was compared as "White" versus "all others" for comparable sample sizes in each race category.
We also analyzed the impact of diabetes on longterm survival in the NASH and non-NASH patients. Analysis of long-term all-cause mortality based on diabetes status in the NASH and non-NASH group revealed no impact of diabetes in the NASH group (P = 0.22, Figure S3a ), but survival was significantly impacted in the non-NASH diabetic group (P = 0.001, Figure S3b) . No difference in cardiovascular-related mortality was noted in the patients with diabetes and without diabetes in NASH (P = 0.68, Figure S4a ) but once again, there was a significant difference in the non-NASH group (P = 0.001, Figure S4b ). Further, we analyzed the impact of BMI on both all-cause mortality (Figures S5a and S5b) and cardiovascular mortality in the NASH and non-NASH group (Figures S6a and S6b). There was trend for increased all-cause (P=0.097) and cardiovascular mortality (P=0.069) in the NASH group with higher BMI (BMI ≥30). Cardiovascular mortality was however significantly increased in the non-NASH group with high BMI (BMI ≥30, P=0.019).
Discussion
Several important observations were made from these findings resulting from a large cohort sampled from a national dataset. First, we note that LT recipients with NASH have superior long-term survival compared to their non-NASH counterparts. The results of this study are in alignment with those of earlier published studies [2, [4] [5] [6] [7] 17] . This finding may appear counterintuitive given that NASH patients as a group have an increased prevalence of the aggregate conditions that constitute metabolic syndrome, which in turn have been shown to predict cardiovascular disease [18] . A previous analysis of the UNOS STAR dataset found that NASH patients have better overall survival than patients with hepatocellular carcinoma (HCC), hepatitis C virus (HCV), alcoholic liver disease (ALD), acute hepatic necrosis, hemochromatosis, or cryptogenic liver disease despite being older, more obese, and more often diabetic [2] . The lower rate of graft failure-related deaths (8.6% in NASH versus 16.6% in non-NASH) was suggested as the explanation for their better survival. Such difference in the graft failure-related deaths could be due to the lower rates of NASH and cirrhosis recurrence in transplanted livers versus the recurrence of other diseases such as HCV and HBV [2] . In the current study, comparison of NASH recipients with a matched control group of HCV+ and HCVÀ patients revealed worst overall survival of the HCV+ group. We suspect the higher recurrence of HCV with its increased graft failure-related deaths could have been a factor in the overall lower survival of the non-NASH HCV+ groups. Secondly, NASH recipients are not at higher risk of cardiovascular-related deaths than their non-NASH counterparts, when matched on gender, age at transplantation, and MELD score and adjusted for diabetes, BMI, and race. Cardiovascular complications are the leading causes of nongraft-related deaths after liver transplant [8] , and a previous study has shown that patients with post-transplant hypertension and posttransplant diabetes were more likely to experience cardiovascular events [19] . NASH patients often have an increased incidence of the metabolic syndrome issues, which include obesity, hyperlipidemia, hypertension, and diabetes [18] . Because of this, it is often inferred that NASH patients may be at increased risk of cardiovascular deaths after transplant [18] . Afzali et al. [2] noted that the lack of association between NASH and cardiovascular death may be explained by the extensive screening for cardiovascular disease prior to liver transplantation, which results in exclusion of patients with substantial cardiovascular disease prior to the procedure. Additionally, it is possible that the increasing prevalence of metabolic syndrome among non-NASH recipients due to exposure to immunosuppression therapy may have increased the risk of cardiovascular events and death for these patients, thereby equilibrating the risk of both groups. VanWagner et al. [18] found that NASH patients were more likely than patients with alcoholic cirrhosis to experience a cardiovascular event (not death) within the first year after transplant. However, they reported no difference in cardiovascular mortality in their study. Kennedy et al. [20] reported that NASH patients experienced higher early postoperative deaths (within 4 months). However, 1-, 3-, and 5-year survival rates, as well as overall survival, were equivalent in NASH and non-NASH groups, and early deaths were not exclusively caused by cardiovascular events. In contrast, Wang et al. [21] in their meta-analysis did report a higher rate of cardiovascular deaths for NASH recipients. However, their meta-analysis only included six studies each with small sample sizes.
Thirdly, we evaluated the impact of diabetes mellitus (DM) on long-term survival in LT recipients with NASH and its relationship to cardiovascular mortality. It has been suggested that nonalcoholic fatty liver disease (NAFLD), particularly among type 2 diabetes, may be more important for predicting the risk of cardiovascular death [9, 10, 12] in nontransplant setting. The impact of DM on long-term survival of the transplant recipients has been reported [22, 23] . Diabetes has been associated with a higher risk of liver graft rejection and cardiovascular events [24] . Despite evidence for such association with diabetes, a recent study has also reported no impact of diabetes on the post-transplant outcome [25] . Subgroup analysis of the NASH patients in the current study revealed no significant impact on overall and cardiovascularrelated mortality based on diabetes status although survival was significantly impacted in the non-NASH patients. In addition, we noted no impact of BMI on both all-cause mortality and cardiovascular-related mortality when BMI <30 and BMI ≥30 were compared. The presence of type 2 diabetes has been associated with an increased risk of adverse post-transplant outcomes in an earlier study using the SRTR (The Scientific Registry of Transplant Recipients) data [24] . Another study using UNOS data noted obesity alone was not associated with lower post-transplant survival. However, DM, either alone or comorbid with obesity, is associated with significantly greater post-transplant mortality [21] . These studies have clearly demonstrated an influence of diabetes with potential additive effects of the components of metabolic syndrome on overall survival and cardiovascular events independent of the underlying liver disease in LT recipients. However, we have shown the impact of diabetes on overall and cardiovascular-related mortality in NASH patients after liver transplant appears similar to those without diabetes. These findings may reflect the influence of the various NASH-associated conditions (such as hyperlipidemia, hypertension, and obesity), independently or in concert, having an impact on survival in the diabetes and nondiabetes groups in NASH.
The current study has several strengths, which include its larger sample size, prospective recording of demographic and clinical characteristics, and the representativeness of the patients in both groups. Although retrospective analyses of large national level datasets make important contributions to health outcomes research, these analyses suffer from certain limitations. For example, it is difficult to determine the reliability of the data, which is generated by multiple clinical sites. Further, the quality of protocols of individual transplant centers can be expected to differ and can change over time, which increases the variability of the resulting data. There is also no requirement for centers to complete all data fields, and the accuracy of the resulting data is impossible to verify. Moreover, the cause of death was listed as unknown for a large number of recorded deaths in the dataset (about 25%). "Cause of death" is captured from the Transplant Recipient Registration (TRR) form; however, entering the specific causes is not required. This deficiency poses a substantial challenge and can introduce a potential source of bias when determining associations with specific causes of mortality.
Another difficulty is posed by the dynamic nature of NASH as a disease, because it has a spectrum of clinical, environmental, and socioeconomic causes prior to the occurrence of cirrhosis, making the consideration of all relevant variables is essentially impossible. Furthermore, a few important clinical variables included in the dataset had large numbers of missing data. For example, hypertension, a key element of the metabolic syndrome and important consideration when discussing NASH, was missing in 90% of patients. An attempt to handle these missing data by excluding patients without drug-treated hypertension reported was unsuccessful as doing so resulted in an insufficient number of matched pairs. Given the importance of such national datasets, it is necessary to identify variables that are helpful to study outcomes such as cardiovascular death and continue to seek methods in which key data can be recorded with a high degree of reliability.
Our study included recipients transplanted since 2002 to provide homogeneity of the MELD scores. We looked for changes in patient characteristics during the observation period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) and noted no significant trend for changes in age and diabetes, and patients with BMI ≥30. However, until 2004, NASH as a primary diagnosis was only entered as free text under the "other" variable. In general, free-text variables are less likely to be entered in the clinical records, as it is more time-consuming than numeric choice variables. Thus, the prevalence of NASH during the first 2 years may be underestimated. Additionally, this study combined NASH diagnoses with cryptogenic cirrhosis. Previous studies suggest that a significant portion of cryptogenic cirrhosis is due to NASH, given the similar distribution of the metabolic syndrome and similar outcomes among these patients. However, this inclusion criterion does present a possible inconsistency in the study population compared to previous investigations. We have included recipients with a diagnosis of cryptogenic cirrhosis with BMI ≥30, thus minimizing any false inclusion of etiology other than possible underlying "burnt out" NASH.
Despite these limitations, our current study provides important insights and provides contrary findings regarding the prevailing notion that patients with NASH may experience increased risk of overall and cardiovascular deaths compared to those without NASH. Excellent post-transplantation outcomes for NASH are certainly encouraging and will result in future wider acceptance for liver transplantation in NASH patients as their burden increases.
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